The fabrication of a gas diffusion electrode (GDE) without carbon components is described. It is therefore suitable for use as a bifunctional oxygen electrode in alkaline secondary batteries. The electrode is fabricated in two stages (a) the formation of a PTFEbonded nickel powder layer on a nickel foam substrate and (b) the deposition of a NiCo 2 O 4 spinel electrocatalyst layer by dip coating in a nitrate solution and thermal decomposition.
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The fabrication of a gas diffusion electrode (GDE) without carbon components is described. It is therefore suitable for use as a bifunctional oxygen electrode in alkaline secondary batteries. The electrode is fabricated in two stages (a) the formation of a PTFEbonded nickel powder layer on a nickel foam substrate and (b) the deposition of a NiCo 2 O 4 spinel electrocatalyst layer by dip coating in a nitrate solution and thermal decomposition.
Introduction
A successful renewable energy economy will require energy storage to manage the time differences between generation and customer demand. One solution is offered by flow batteries [1] [2] [3] although none of the systems extensively studied offer ideal behaviour and economics. Secondary metal/air batteries, particularly zinc/air [4] [5] [6] , merit development. In a zinc/air battery, the electrode reactions are:
negative electrode Zn(OH) 4 2-+ 2e 
The battery has an open circuit potential of ~ 1.65 V. Clearly, one requirement is a bifunctional oxygen electrode, ie. an electrode that supports both oxygen evolution and reduction with low overpotentials.
A recent communication [7] described a novel procedure for fabrication of a bifunctional oxygen electrode for alkaline secondary metal air batteries. In this procedure, a nickel metal powder/PTFE gas diffusion electrode (GDE) is preformed within a nickel foam prior to the deposition of a catalyst layer by dip coating and thermal treatment. This paper now reports the influence of the numerous parameters in the fabrication procedure on the performance of these electrodes.
While the choice of electrocatalyst to minimise overpotentials is clearly important, it needs to be recognised that a gas diffusion electrode suitable as a bifunctional oxygen electrode must have a series of additional properties. It must have a structure that provides an effective barrier to crossover of both gas and electrolyte while permitting a high flux of oxygen to the catalyst centres during discharge and release of oxygen to the gas side during charge. Also there must be low resistance, current pathway between catalyst centres and external contacts that prevents IR drops and an uneven current distribution. The target is to design electrodes that have the physical and mechanical properties to allow their scale-up and implementation in flow cells with electrode areas up to 1 m 2 .
The design of the GDEs was based on a number of conclusions from preliminary experiments and the literature.
(a) Nickel cobalt spinel, NiCo 2 O 4 was selected as the electrocatalyst [8] [9] [10] [11] [12] [13] [14] . Preliminary experiments showed that it gave overpotentials for both oxygen evolution and reduction that were at least comparable to other electrocatalysts including precious metals. However, it had the advantage that it was prepared in a simple procedure and this could be achieved at a relatively low temperature where other components of the GDEs were stable. This is essential for application of the spinel catalyst after the formation of the gas diffusion layer.
(b) Carbon materials within the GDEs (powder and paper) were avoided since the literature has concluded that carbons corrode under the forcing conditions of oxygen evolution [15] [16] [17] [18] and this was also our experience.
(c) The polymer selected as binder in the GDEs was PTFE. Cation conducting polymers were considered unsuitable because of the key role of hydroxide ion in the battery chemistry and no anion conducting polymers with the appropriate properties have been located.
The medium chosen was 8 M NaOH at 333 K. Sodium hydroxide is substantially cheaper than potassium hydroxide and allows a significant increase in the zincate concentration (1.2 M cf 0.5 M). The use of the elevated temperature leads to large decreases in the overpotentials for the electrode reactions as well as increasing the solubility of the sodium zincate; it is also a typical steady state temperature for a large scale electrolysis cell system.
Experimental

Chemicals
Nickel powder (2-10 µm particle size determined by SEM) was supplied by Huizhou [19] will discuss the data in detail as well as comparing spinel powders from several preparation procedures. Here, we note that samples from repetition of the preparation led to materials with well-defined XRD patterns characteristic of a spinel structure, a ratio of Ni:Co close to 1:2 (determined by both EDAX and elemental analysis), BET surface area of ~10 m 2 g -1 and particles sized below 5 µm.
Preparation of Gas Diffusion Electrodes
The procedure for making the bifunctional oxygen gas diffusion electrodes (GDEs) is GDE along with the Ni/PTFE layer before deposition of the spinel catalyst. It can be seen that before the coating with catalyst, the surface consists of small angular particles of nickel while after coating, rather unstructured, 'fluffy' patches of the spinel catalyst are dispersed over the surface.
Electrochemical Experiments
Electrochemical experiments were carried out in a water jacketed glass cell (volume 200 cm 3 ), see figure 3 , with a GDE, a platinum gauze counter electrode and a laboratory prepared K. Current cycling was carried out under galvanostatic control at current densities in the range 10 -100 mA cm -2 . All current densities are based on the geometric area of the electrode (0.5 cm 2 ) exposed to the electrolyte and gas compartments. Electrochemical measurements were carried using an Autolab potentiostat/galvanostat, PGSTAT128N. powder/PTFE GDE during both O 2 reduction and O 2 evolution were compared in 8 M NaOH
Other Instrumentation
and at a temperature of 333 K. In these experiments, a cathodic current was passed for 30 minutes, then an anodic current for the same period (corresponding to discharging and charging of a battery respectively) and the potential of the GDEs vs a Hg/HgO reference
electrode were recorded. Figure 4 shows the responses for three current densities. It can be seen that following a short initial period, the potentials are always constant. Also the difference in potentials for O 2 reduction and evolution increase slightly with current density due to increases in the overpotentials and IR drops. Clearly, there are significant overpotentials associated with both O 2 reduction and evolution but the differences in potential between the two reactions, 710 mV and 770 mV for the spinel powder and spinel coated Ni electrodes respectively at 50 mA cm -2 , compares favourably with all other catalysts tested and this included a number containing precious metals. It can also be seen that the spinel powder electrodes performed slightly better than the spinel coated Ni GDEs but the difference in performance decreased with increasing current density. The improvement in performance is, however, achieved at the cost of a very heavy loading of spinel catalyst. Hence, electrodes
were prepared with mixtures of nickel metal and spinel powders, followed by dip coating and some results are summarised in table 1. The overpotentials for both O 2 reduction and evolution decrease as the spinel content is increased but even 10% spinel corresponds to a high weight loading of catalyst. Hence, since a significant improvement in performance requires a high loading of spinel powder, the electrodes based on Ni powder have been developed further.
It was shown in an earlier communication [7] that O 2 evolution and reduction occur with the transition metals ions within the spinel structure in different oxidation states. This leads to a different open circuit potential following reduction or evolution and to the initial periods before the potential takes up a constant value when the electrode is switched between O 2 evolution and reduction (see figure 4) . The first reaction to occur is always the change in oxidation state of the metals ions within the spinel before the O 2 reactions take over when the spinel is full oxidised/reduced. As expected the initial period is most pronounced with higher spinel content (powder vs coating) and lower current density. 
The conditions for the formation of the spinel coating in the GDEs were investigated.
In all cases, the thermal treatment was carried out at 648 K for 3 hours since NiCo 2 O 4 is formed rapidly at this temperature and thermogravimetric analysis showed that PTFE underwent decomposition above 670 K. Indeed, the fact that the spinel is formed at a relatively low temperature where the PTFE is chemically stable is a key factor in the choice of the catalyst for these GDEs. The temperature of 648 K is, however, certainly sufficient to cause the polymer to flow and the heat treatment is likely to be influential in determining the final structure of the GDEs. Firstly, GDEs were prepared using several different nickel and cobalt salts dissolved in water and the results are presented in table 2. The significant difference is in the potential for the reduction reaction since the nickel foam substrate is already a reasonable catalyst for O 2 evolution. The temperature of the thermal treatment is insufficient to convert the chloride material to the spinel structure but both the acetates and the nitrates are converted to effective catalyst and the latter were used in all later preparations.
Secondly, the total concentration of the Ni/Co nitrate solution in the dip solution was varied The ratio of PTFE binder to nickel powder is expected to be a key factor in determining the performance of the GDEs, particularly the stability of performance during extended operation. Electrodes with PTFE contents between 12 % and 27 % were therefore tested. All the GDEs initially supported both reactions. Figure 5 reports the separation of the potentials for O 2 evolution and reduction as a function of PTFE content; the data is taken from the initial charge/charge cycles at 50 mA cmM A N U S C R I P T
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8 difficult to obtain reproducible data but over the range 18 -23% electrodes could be fabricated reproducibly and the separation of the potentials for O 2 evolution and reduction varied little. The problem at low PTFE content was entry of the electrolyte into the porous structure and this became more obvious with cycling of the electrodes -the potential difference between O 2 evolution and reduction increased and on dismantling the cell, electrolyte could be seen on the gas side. With PTFE content above 23 %, the potential difference was higher either because of hindered access of gas or electrolyte to the catalyst centres or an increase in the resistance of the electrodes. Hence, long term stability without a large increase in the potential difference was considered critical, 23 % PTFE (ratio of Ni powder:PTFE = 10:3) was selected as the safe option.
Further sets of experiments were carried out to define the influence of the weight loading of Ni powder/PTFE (10:3) paste and the pressure exerted during the manufacture of the GDEs. In the first set the loading was varied over the range 120 -280 mg cm -2 of wet paste. The lowest loading suffered from electrolyte leakage through to the gas side but over the range 140 -280 mg cm -2 good responses were obtained, see figure 6 , with a small trend to higher overpotentials with thickening of the Ni powder/PTFE layer. Electrodes were also pressed with compressions in the range 0.5 -2.5 kN cm -2 ; the lowest pressure was insufficient to create a compact electrodes and leakage was an immediate problem, but above 1 kN cm -2 the electrodes gave good data with a slight tendency for the overpotentials to increase with increasing pressure (see figure 7) , probably due to a decrease in size of the gas In general, stable potentials were observed each cycle following initial periods where the spinel coating is oxidised/reduced and commonly the potentials for O 2 reduction and O 2 evolution were unchanged during the 10 cycles. Some electrodes, eg. those with a low PTFE content, showed a small negative shift in the potential during O 2 reduction over the 10 cycles and this was taken as an indication of ingress of aqueous electrolyte into the GDE structure reducing the access of O 2 gas to the catalyst sites.
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In the literature, air is preferred to oxygen as the cell feed when batteries are discharged. Although the possibility exists for storing and using the pure O 2 evolved during charge (and this avoids CO 2 degradation of the alkaline electrolyte when non-purified air is employed), some tests employed an air feed. The responses during charge/discharge cycling were similar in shape and stable potentials were established but the potential for oxygen reduction shifted negative. At 50 mA cm -2 , the negative shift was 70 mV.
These carbon free GDEs also met the requirement that during charge the oxygen was evolved into the gas phase and away from the interelectrode gap. While a continuous and rapid stream of fine H 2 gas bubbles can be seen leaving the Pt mesh cathode, no O 2 gas bubbles appear at the GDE/electrolyte interface. Hence, while with the present equipment, any small fraction of the O 2 entering the electrolyte cannot be quantified, it is clear that almost all the O 2 is released to the back of the GDE.
Although the glass cell and auxiliary equipment used in this programme were not designed for testing over many days, some longer term experiments have been carried out. Figure 8 shows the potential vs time responses for cycles 1 -10 and 40 -50 for an experiment carried out with a current density of 50 mA cm -2 and fabricated using the precise conditions of the recipe in the Experimental Section. It can be seen that there is a slight trend to an improvement in performance with cycling but the changes in the potentials over the 50 cycles are small. The average separation of the potentials for O 2 reduction and evolution during the 50 cycles is 800 mV. Such performance in a Zn/air battery is equivalent to a voltage efficiency ~ 60 %. In fact, the experiment was continued for 100 cycles but beyond 50 cycles, the potential for O 2 reduction became more negative with time, reaching -440 mV after 100 cycles.
Larger GDEs have been fabricated. 100 mm x 100 mm electrodes made from the thinner Ni foam have been tested in a flow cell. These larger electrodes are flat with a uniform black appearance and their thickness was measured as 0.75 mm. They are also robust and can be extensively handled without damage making them well suited to incorporation into flow cells.
Conclusions
Gas diffusion electrodes without carbon components have been satisfactorily fabricated and tested as a bifunctional electrode for O 2 reduction/evolution. The electrodes M A N U S C R I P T A C C E P T E D spinel as the catalyst results from the fact that for this method of fabrication of the GDEs, the catalyst layer must be prepared at a temperature below that where the PTFE decomposes. 
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Figure 3
Schematic of the three electrode cell used together with an expansion of the GDE structure.
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Highlights:
The Fabrication of a Bifunctional Oxygen GDE without Carbon Components for Alkaline Secondary Batteries
• Fabrication and development of a carbon free bifunctional gas diffusion electrode
• Good stability and overpotentials on cycling at 50 mA cm -2 for >50 cycles
• Operational up to current densities of 100 mA cm -2
